Bacterial cytokinesis is accomplished by the essential 'divisome' machinery. The most widely conserved divisome component, FtsZ, is a tubulin homolog that polymerizes into the 'FtsZ-ring' ('Z-ring'). Previous in vitro studies suggest that Z-ring contraction serves as a major constrictive force generator to limit the progression of cytokinesis. Here, we applied quantitative superresolution imaging to examine whether and how Z-ring contraction limits the rate of septum closure during cytokinesis in Escherichia coli cells. Surprisingly, septum closure rate was robust to substantial changes in all Z-ring properties proposed to be coupled to force generation: FtsZ's GTPase activity, Z-ring density, and the timing of Z-ring assembly and disassembly. Instead, the rate was limited by the activity of an essential cell wall synthesis enzyme and further modulated by a physical divisome-chromosome coupling. These results challenge a Z-ring-centric view of bacterial cytokinesis and identify cell wall synthesis and chromosome segregation as limiting processes of cytokinesis.
FtsZ | superresolution | force generation | cytokinesis | cell wall synthesis T he mechanisms that drive bacterial cell division have been sought out for many decades because of their essential role in bacterial proliferation and their appeal as targets for new antibiotic development (1) . Numerous cellular and biochemical investigations have revealed that bacterial cytokinesis is carried out by a dynamic, supramolecular complex termed the 'divisome. ' The divisome assembles at midcell to coordinate constriction of the multilayer cell envelope (2) , which involves both membrane invagination and new septal cell wall synthesis.
Divisome assembly is initiated by the highly-conserved tubulinlike GTPase FtsZ (3, 4) . FtsZ's membrane tethers [FtsA and ZipA in Escherichia coli (5, 6) ] promote FtsZ's polymerization into a ring-like structure, or 'FtsZ-ring' ('Z-ring'), at the cytoplasmic face of the inner membrane (7) . Once established, the Z-ring recruits an ensemble of transmembrane and periplasmic proteins involved in cell wall peptidoglycan (PG) synthesis and remodeling, including the essential transpeptidase and penicillinbinding protein PBP3 (also called FtsI) (8, 9) . Recently, a new group of Z-ring-associated proteins (Zaps) has been shown to stabilize the Z-ring (10) (11) (12) (13) (14) (15) . Some of these Zaps connect the Z-ring to the bacterial chromosome through a multilayered protein network that includes the chromosome-binding protein MatP (16) (17) (18) (19) . Together with FtsK, a divisome protein involved in chromosome segregation and dimer resolution (20) (21) (22) (23) (24) (25) , this group of proteins likely plays a role in coordinating cell envelope invagination with chromosome segregation (16, 18, 26) . Thus, the divisome consists of three interacting components: the Z-ring, PG-linked proteins, and chromosome-linked proteins.
Successful cell constriction requires a mechanical force to act against the internal turgor pressure. However, the divisome component responsible for generating such a force remains unclear (27) . One possibility that has garnered much attention in the last decade is a 'Z-ring-centric' model in which the Z-ring is analogous to the contractile actomyosin ring in eukaryotic cells: the Z-ring is thought to actively pull the cytoplasmic membrane inward, and septal PG growth follows passively behind (28) . Such a model predicts that Z-ring contraction limits the progression of septum closure and is distinct from a model in which new septal PG growth actively pushes from the outside of the cytoplasmic membrane (27) . In this latter model, PG synthesis limits the rate of septum closure, and the Z-ring acts as a scaffold that passively follows the closing septum (29) . Alternatively, Z-ring contraction and septal cell wall synthesis may work together to drive constriction; in which case, progression of septum closure would be regulated by both processes (27) .
A large number of studies support the Z-ring-centric force generation model. For example, purified, membrane-tethered FtsZ was shown to assemble into ring-like structures that deform and constrict liposome membranes (30) (31) (32) (33) (34) (35) . Mechanistically, it has been proposed that a constrictive force could be generated by the bending of FtsZ protofilaments because of their preferred curvature or GTP hydrolysis-induced conformation change (36) (37) (38) (39) (40) (41) , immediate reannealing of FtsZ protofilaments upon GTP hydrolysis-induced subunit loss (42) , condensation of FtsZ protofilaments caused by their lateral affinity (43) , or a combination of these mechanisms (38, 42, 44, 45) . However, these proposed mechanisms have been difficult to test in vivo because of the essentiality of FtsZ, the limited ability to spatially resolve the Z-ring structure in small bacterial cells, and the lack of sensitive methods to monitor Z-ring contraction and the rate of septum closure.
In this work, we applied quantitative superresolution imaging in combination with other biophysical techniques to characterize Z-ring structure and dynamics during constriction and to probe the rate of septum closure during cell constriction. We reasoned that perturbations to the structure or activity of the major forcegenerating divisome component should result in significant changes Significance Bacterial cytokinesis is orchestrated by a macromolecular complex termed the divisome. Central to the divisome is a ringlike, polymeric structure, called the FtsZ-ring (Z-ring). The Z-ring may generate a constrictive force analogous to that provided by the eukaryotic actomyosin ring to drive membrane invagination during cytokinesis. By combining single-molecule imaging with genetic manipulations, we found that, unexpectedly, the rate of septum closure in Escherichia coli cells during cytokinesis is robust to many substantial Z-ring perturbations but limited by a specific cell wall synthesis enzyme and further modulated by a physical link between the divisome and chromosome. Our results challenge the long-held Z-ring-centric view of bacterial cytokinesis and support a holistic view of constrictive force generation by the multicomponent divisome.
to the rate of septum closure, allowing us to identify possible molecular mechanisms for constriction force generation. Surprisingly, we found that the rate of septum closure was unaffected by many substantial alterations to the Z-ring, including FtsZ's GTPase activity, molecular density of the Z-ring, and the timing of Z-ring assembly and disassembly. Instead, the rate of septum closure was proportional to the rate of cell elongation and was significantly reduced when FtsI activity was compromised, indicating that cell wall synthesis plays a limiting role in septum closure. Interestingly, we found that deletion of matP caused the septum to close faster than predicted by the corresponding cell elongation rate, indicating that the coordination of cell envelope invagination with chromosome segregation by MatP can influence the progression of cell constriction.
Taken together, our results challenge the FtsZ-centric view of bacterial cytokinesis, highlight the role of septal cell wall growth and chromosome segregation in driving and modulating the rate of septum closure, and support a holistic view of constrictive force generation by the multicomponent divisome.
Results
Three-Dimensional Structure of the E. coli Z-Ring During Constriction.
Proposed Z-ring force generation models predict that Z-ring structure would be remodeled in different ways as it contracts [i.e., thickening (46) , widening (44) , condensing (43) , or disassembling (38, 39, 42) ]. To determine whether the Z-ring undergoes such structural remodeling in vivo, we examined Z-ring structures using the single-molecule-based superresolution technique, photoactivated localization microscopy (PALM) (47) . Previously, we conducted 2D PALM imaging of the E. coli Z-ring using a photoactivatable fluorescent protein fusion FtsZ-mEos2 (18, 19, (48) (49) (50) . We showed that the Z-ring is not a smooth structure but instead comprises clusters of FtsZ protofilaments that loosely associate into a 3D bundle (19, 48) . This heterogeneous morphology has also been observed with several different fluorescent protein tags (19) , in different bacterial species (51) (52) (53) (54) , by immuno-superresolution imaging targeting native FtsZ (19, 54) , by superresolution imaging of FtsZ-binding proteins (19, 54) , and in an early electron cryotomography (ECT) study (37) . Here, we further demonstrate that an FtsZ-GFP fusion colocalizes with native FtsZ in midcell clusters in two-color superresolution imaging using antibodies against native FtsZ and GFP (SI Appendix, Fig. S1 ). These results suggest that the cluster-like organization of the Z-ring is not caused by fluorescent protein fusion but is likely an intrinsic property of FtsZ polymerization and dynamics in vivo (Discussion).
To provide a nanoscale characterization of the Z-ring structure in 3D, we applied interferometric PALM (iPALM) imaging (18, 55) to E. coli Z-rings labeled with FtsZ-mEos2. iPALM identifies a molecule's z position using the interference of the molecule's emitted light along two optical paths and provides the best z resolution currently available to fluorescence-based superresolution imaging (56) . Under our experimental condition using the mEos2 fusion protein, we achieved spatial resolutions of ∼30 nm, ∼24 nm, and ∼16 nm in the x, y, and z dimensions, respectively (SI Appendix, Fig. S2 and Table S1 ). Fig. 1 shows representative iPALM images of fixed E. coli cells (strains BW25113 and DH5α) ectopically expressing FtsZ-mEos2. These images highlight the punctate structure of the Z-ring, which is normally blurred into a smooth ring when viewed under a conventional fluorescence microscope (19, 48) . This punctate Z-ring morphology was observed at different FtsZ-mEos2 expression levels and with sufficiently high labeling density required by the Nyquist resolution (Materials and Methods and SI Appendix, Fig.  S3A ). Interestingly, we often observed non-midcell clusters of FtsZ-mEos2 (Fig. 1A , white and cyan arrows), which may be related to the longitudinally oscillating and periodic FtsZ structures observed previously (57, 58) . Some non-midcell clusters are clearly displaced from the membrane (Fig. 1A , cyan arrows), suggesting that FtsZ can polymerize in the absence of its membrane tethers in the cytoplasm.
Cross-sectional projections of FtsZ-mEos2 clusters in the Z-ring (Fig. 1B) show that FtsZ clusters are confined to a toroidal zone. The apparent width and thickness of this zone (see measurement example in SI Appendix, Fig. S4 ) were similar in the two E. coli strains (SI Appendix, Table S1 ). The combined mean Z-ring width (along the cell long axis) of 99 ± 3 nm (n = 168; Fig. 1C ) is consistent with previous measurements of 60-120 nm in E. coli (19, 48, 59) and Caulobacter crescentus (53, 60) . Note that dimension measurements reported here have been deconvolved from the achieved resolution to facilitate comparison across different experiments (61) (Materials and Methods); see SI Appendix, Table S1 for apparent dimensions before deconvolution. The mean Z-ring thickness in the radial direction was significantly smaller than the width (59 ± 2 nm, P < 1 × 10
, n = 168; Fig. 1C ) but larger than the expected size of a single protofilament layer (∼5 nm; would appear as ∼30 nm under our resolution). This direct measurement indicates that the Z-ring can accommodate multiple layers of FtsZ protofilaments along the radial direction of the cell.
To characterize the size and distribution of FtsZ clusters, we performed autocorrelation and density histogram analyses (SI Appendix, Supplemental Experimental Procedures) (61-63) of FtsZ clusters projected along the Z-ring's circumference. These distributions were well described by a model in which, on average, 10-20 FtsZ clusters (μm −1 ) of 30-to 50-nm length (FWHM) are randomly distributed along the Z-ring (SI Appendix, Fig. S5 ). Confinement of these clusters to a ∼60 × 100 nm Z-ring crosssection in vivo (SI Appendix, Table S1) indicates that FtsZ protofilaments in Z-ring clusters typically do not grow longer than 100 nm in any direction, which is within the 100-to 200-nm range of protofilament lengths observed in vitro (64) (65) (66) and consistent with random orientations of FtsZ protofilaments in the Z-ring (67).
Z-Ring Architecture Does Not Undergo Substantial Remodeling During Constriction. To investigate possible structural remodeling of the Z-ring during constriction, we next generated a pseudo-timelapse sequence by arranging individual Z-rings according to their diameters (representative images are shown in Fig. 1B ). Qualitative inspection showed that the Z-ring remained heterogeneous and discontinuous throughout constriction and that the ring cross-section did not appreciably expand or decrease in size. Plotting measured Z-ring cross-sectional dimensions against the corresponding ring diameters of individual cells confirmed that both Z-ring width and thickness remained largely constant (Fig. 1D) .
To assess whether the trend we observed was representative of native, unlabeled FtsZ, we also performed a similar analysis on ring structures formed by ZapA, using ectopic expression of an mEos2-ZapA fusion protein that can rescue the elongated cell phenotype of a zapA null mutant (18) . ZapA binds to FtsZ to promote Z-ring assembly (10, 68) and has been used as a marker for FtsZ localization and dynamics (69, 70) . iPALM images of mEos2-ZapA in BW25113 cells showed punctate structures similar to those of FtsZ-mEos2 (SI Appendix, Fig. S6A ) (18) . The mEos2-ZapA clusters were confined to a slightly smaller zone than FtsZ-mEos2 (mean width of 85 ± 4 nm and thickness of 46 ± 3 nm, n = 43; SI Appendix, Table S1 and Fig. S6B ). Importantly, no significant changes in either the width or thickness of ZapA-rings were observed across cells of different diameters (SI Appendix, Fig. S6C ), supporting our observation that the Z-ring cross-sectional dimensions remain constant throughout constriction. Thus, if the Z-ring does generate a constrictive force in vivo, the force is unlikely to involve ring thickening or widening as some models have proposed (44, 46) .
Constriction Initiation and Progress Does Not Require Z-Ring Disassembly.
To investigate whether Z-ring assembly or disassembly were coupled to the progression of cell constriction, we used timelapse fluorescence imaging of dividing BW25113 cells expressing FtsZ-GFP growing in M9 minimal medium at room temperature (RT) ( Fig. 2A and SI Appendix, Table S2 ). Fig. 2A shows a representative montage of FtsZ-GFP assembly and disassembly dynamics, which are quantified in Fig. 2B as the percentage of FtsZ-GFP localized to the midcell (p mid ) plotted against cell cycle time (t). This percentage value normalizes for differences in FtsZ expression levels among individual cells, because it is unaffected by overexpression of up to eightfold the endogenous FtsZ level (48) . The p mid values are also indicative of the amount of FtsZ in the Z-ring at different cell cycle stages (48, 71, 72) , because the concentration of FtsZ throughout the cell cycle is constant (73, 74) .
The time-lapse behavior of FtsZ-GFP ( Fig. 2B ) was consistent with previous observations (28, 75, 76) showing that Z-ring dynamics can be divided into three cell-cycle periods: Z-ring assembly (the time between cell birth and stabilization of the Z-ring at midcell), Z-ring maintenance (during which Z-ring intensity remains largely constant), and Z-ring disassembly (during which Z-ring intensity decreases, concluded by daughter cell separation) (Fig. 2C ). We note that the bulk Z-ring assembly and disassembly described here on the cell cycle timescale is different from the constant FtsZ subunit turnover process that occurs on the seconds timescale (71, 72) . Interestingly, corresponding bright-field images revealed that visible indentation of the cell wall (arrow iii in Fig. 2A ) did not coincide with the initiation of Z-ring disassembly (arrow iv in Fig. 2A ) but preceded Z-ring disassembly significantly (by 35 ± 2 min; Fig. 2C and SI Appendix, Table S2 ). Note that this delay may be even longer as septum indentation initiates earlier than we can detect with diffraction-limited bright field microscopy (77) . The duration of visible cell constriction, τ c , can thus be divided into phase I (from the first visible cell wall indentation to the initiation of Z-ring disassembly) and phase II (Z-ring disassembly). The substantial duration of constriction phase I suggests that, although theoretical models suggest that Z-ring disassembly can drive constriction (38, 39, 42) , constriction can both initiate and proceed without Z-ring disassembly in vivo.
The Z-Ring Condenses Throughout Constriction. The observation that cell wall indentation begins before Z-ring disassembly suggests that Z-ring density (i.e., FtsZ concentration in the ring) likely increases during constriction phase I. Such Z-ring condensation, caused by favorable lateral interactions between FtsZ protofilaments, is theoretically capable of providing a mechanical force to drive constriction (43) . To directly assess the extent of Z-ring condensation during constriction, we next performed live 2D PALM imaging to compare Z-ring densities at different constriction stages.
PALM images of live, constricting BW25113 cells expressing FtsZ-mEos2 revealed similar discontinuous, heterogeneous Z-ring morphologies and dimensions throughout cytokinesis ( Fig.  3 C and E and SI Appendix, Table S1 ) and varying expression levels (SI Appendix, Fig. S3B ), analogous to those observed in fixed-cell iPALM images ( Fig. 1 A and B and SI Appendix, Fig. S3A ). The midcell percentage (p mid ) of FtsZ-mEos2 remained constant until the Z-ring diameter reached ∼250 nm (Fig. 3F) , consistent with previous studies that monitored early stages of Z-ring closure (diameter, >300 nm) (43, 51) . However, in cells with smaller diameters (<250 nm), p mid decreased significantly (Fig. 3F) . These results are consistent with the two-phase constriction identified by time-lapse imaging (Fig. 2B) and suggest that the Z-ring begins to disassemble when its diameter reaches ∼250 nm under this condition.
We calculated the relative density of each ring by dividing the p mid value of each ring by its corresponding Z-ring diameter, which is proportional to Z-ring volume because of the largely constant ring width and thickness (Fig. 1D) . Across the population of constricting BW25113 cells, Z-ring density increased with decreasing Z-ring diameter, reaching up to ∼2.5-fold its initial value (Fig. 3G) , even during Z-ring disassembly (constriction phase II) at the end of cell cycle (Fig. 3F) . Identical behavior was also observed in the absence of fluorescently labeled FtsZ using the mEos2-ZapA construct in the same BW25113 strain (Fig. 3 D, F , and G, empty circles), suggesting that the endogenous, unlabeled Z-ring behaves similarly to FtsZmEos2. Thus, the Z-ring condenses throughout both phases of constriction.
Measuring Septum Closure Rate. To assess whether any of the observed Z-ring behaviors limit constriction progression, we next established methods to measure the rate of septum closure (v c ) during the period of visible constriction (τ c ). We defined v c as the change in Z-ring diameter, ΔD, divided by τ c , because the membrane-associated Z-ring diameter should closely reflect septum diameter at all times and the Z-ring only leaves at the end of the constriction when the Z-ring's diameter is below our spatial resolution (see SI Appendix, Supplemental Experimental Procedures). The diameter at the beginning of visible constriction, D 0 , was measured from PALM images of cells identified to be at the onset of visible constriction in bright field images. For BW25113 cells in M9 medium at RT, D 0 = 578 ± 27 nm (n = 13; SI Appendix, Table S3 ). Because the septum is completely closed (D = 0) at the end of constriction, the time-averaged septum closure rate, v c , was calculated to be D 0 /τ c = 12.5 ± 0.4 nm/min (n = 98).
We next examined whether the rate of septum closure changes during constriction. Previous attempts to measure time-dependent changes in septum closure rates produced mixed results, likely because different stages of the constriction process were examined (78, 79) . Using PALM, we could not measure the time dependence of septum closure rate directly because prolonged imaging of the same cell leads to phototoxicity and is thus unreliable. To circumvent this problem, we took advantage of the fact that we measured the same quantity, the midcell localization percentage of labeled FtsZ (p mid ), against two different experimental axes: time (t) (Fig. 2B ) and septum diameter (D) (Fig.  3F ). These two datasets are related by the time-dependent change in septum diameter D(t), which can be described by a generic, monotonic septum closure model:
In this model, D 0 is the diameter at apparent constriction onset, τ c is the duration of visible constriction, and t is the time elapsed since the onset of visible constriction. The exponent variable, α, reflects the change in closure rate over time, with α = 1 corresponding to a constant closure rate ( Fig. 3 H-K, dashed curves), α < 1 indicating rate deceleration, and α > 1 indicating rate acceleration.
To increase the sample size for comparison, we simulated thousands of time-lapse p mid vs. t traces using the experimental distributions of constriction phase I and II durations (SI Appendix, Fig. S7A ). Next, these traces were converted to p mid vs. D plots using Eq. 1 and varying values of α (SI Appendix, Fig. S7B ). These simulated p mid vs. D plots at each α value were then averaged for least squares fitting to the experimental p mid vs. D data from PALM measurements (Fig. 3I, circles) . For BW25113 cells under this condition (RT and M9 medium), the ensemble PALM data were best described by an α value of 1.3 ± 0.1 (Fig. 3 I-K, solid curves), indicating that, on average, septum closure accelerates in these cells. Additionally, the hemispherical geometry of the growing septum in wild-type (wt) E. coli dictates that an α value of <2 corresponds to deceleration in the growth of septal surface area during constriction (78) . Therefore, in wt BW25113 grown in M9 at RT, the rate of septum diameter closure during constriction accelerates, whereas the addition of septum surface area per unit time gradually decreases.
Ninety Percent Reduction in FtsZ GTPase Activity Alters Z-Ring Density and Dynamics but Not Septum Closure Rate. Having established methods to measure septum closure rates, we next investigated whether the average rate would be altered under perturbed Z-ring properties, which would be expected if Z-ring contraction drives septum closure. We first examined the effects of reduced FtsZ GTPase activity, because GTP hydrolysis-dependent FtsZ protofilament bending and/or disassembly have been prominent hypotheses for force generation by the Z-ring (38, 39, 42) .
We used a mutant strain, MCZ84, which expresses an FtsZ variant (FtsZ84) from the native ftsZ locus (80) . The G105S mutation of FtsZ84 confers a ∼90% reduction in GTPase activity (3, 4, 81) . Using live-cell PALM imaging of an FtsZ84-mEos2 fusion protein expressed in MCZ84, we found that the morphology and dimension of FtsZ84-rings were generally similar to those of its wt parent strain, MC4100 (Fig. 4 A-C and SI Appendix, Fig. S3D ). However, consistent with previous observations (82) , FtsZ84-rings exhibited higher percentages of FtsZ84-mEos2 at midcell (Fig. 4 E and F and SI Appendix, Fig. S3E ), thus resulting in higher ring densities throughout constriction ( Fig. 4D and SI Appendix, Fig. S3F ).
Time-lapse analyses revealed that FtsZ84-GFP took significantly longer to stabilize at midcell in MCZ84 than wt FtsZ-GFP in MC4100 (66 ± 5 min, n = 77 vs. 51 ± 3 min, n = 78 for wt, P = 0.01; SI Appendix, Table S2 ). However, the average septum closure rates measured in MCZ84 and MC4100 strains were not significantly different from each other (18.0 ± 0.7 nm/min for MCZ84 and 19.3 ± 0.7 nm/min for MC4100, respectively; P = 0.34). Furthermore, septum closure rates accelerate in both strains, although to different degrees (α = 1.4 ± 0.2 vs. 1.9 ± 0.3 for MCZ84 and MC4100, respectively; Fig. 4 E and F) . These results suggest that the GTPase activity of FtsZ influences Z-ring assembly and density but does not alter the time-averaged rate of septum closure significantly. Thus, the GTPase activity of FtsZ most likely does not play a limiting role in septum closure.
minC and matP Deletions Alter Z-Ring Density and Dynamics Similarly but Septum Closure Rate Differently. We next perturbed the Z-ring by removing either MinC, a negative regulator of FtsZ polymerization, or MatP, a positive Z-ring assembly regulator. In E. coli, MinC oscillates between the cell poles to prevent aberrant, polar Z-ring formation (83) (84) (85) (86) (87) . MatP is a DNA-binding protein involved in proper chromosome segregation (16, 17, 21) that stabilizes Z-ring positioning at midcell through MatP's interaction with ZapA and ZapB (18, 19, 26) . We reasoned that the higher tendency of FtsZ to polymerize at places other than midcell in the absence of MinC or MatP would alter Z-ring density and the timescale of Z-ring assembly or disassembly, allowing us to assess the influence of these properties on the rate of septum closure.
We examined Z-ring structures and dynamics during the cell cycle in two BW25113 deletion mutants, ΔminC or ΔmatP, using the FtsZ-mEos2 or FtsZ-GFP fusions. We found that, as expected, PALM images of FtsZ-mEos2 in ΔminC cells (Fig. 5A ) often showed non-midcell FtsZ clusters, consistent with the role of MinC in preventing polar Z-ring formation (88) . The Z-ring also took longer to stably assemble at midcell (108 ± 7 min, n = 45 vs. 91 ± 5 min, n = 98 for wt BW25113; P = 0.01). Interestingly, the effects of matP deletion on Z-ring morphology (Fig. 5B ) and assembly time (114 ± 10 min, n = 37, P = 0.01 compared with wt BW25113) were remarkably similar to those of minC deletion.
Further analysis revealed that, in both mutants, Z-ring width remained similar to wt (Fig. 5C and SI Appendix, Fig. S3D ), but relative Z-ring density was reduced by 20-40% compared with wt cells (Fig. 5D and SI Appendix, Fig. S3F) . Furthermore, the Z-ring began to disassemble at larger diameters in the absence of either MinC or MatP than in the wt BW25113 parental strain ( Fig. 5 E and F) , but the final departure of FtsZ-GFP still coincided well with the end of constriction identified by the corresponding phase contrast images (SI Appendix, Fig. S8F ). These results suggest that Z-ring disassembly is not triggered by a specific septum diameter. Surprisingly, despite producing these similar effects on Z-ring structure and assembly dynamics, the two mutations had opposing effects on septum closure rate: ΔminC cells exhibited slower rates (v c = 10.2 ± 0.6 nm/min) compared with wt BW25113 cells (v c = 12.5 ± 0.4 nm/min, P = 0.004), whereas ΔmatP cells exhibited higher rates (v c = 14.2 ± 0.9 nm/min, P = 0.02 compared with wt BW25113). The elevated septum closure rate of ΔmatP supports our previous interpretation that a shortened constriction period, τ c , in ΔmatP reflected a faster constriction rate relative to wt, not simply a decrease in cell diameter (18) . Taken together, the opposite changes to septum closure rate caused by deletion of matP or minC despite , and intensity (p mid ) (E and F) in MC4100 (black; n = 83) and MCZ84 (red; n = 154) cells expressing FtsZ-mEos2 or FtsZ84-mEos2, respectively, plotted against and binned by corresponding ring diameter. Bin edges are as follows: 0, 200, 300, 400, 500, and 600 nm. Errors bars represent SEM. Z-ring intensity measurements of FtsZ-mEos2 in MC4100 (E) and FtsZ84-mEos2 in MCZ84 (F) are overlaid with best fit (solid), α = 1 (dashed gray), and α = 2 (dotted gray) using the models in Fig. 3H and corresponding time-lapse parameters (SI Appendix, Table S2 ). (Scale bar, 1 μm.) , and intensity (p mid ) (E and F) in ΔminC (purple; n = 73), ΔmatP (green; n = 68), or wt (gray; n = 66) BW25113 cells expressing FtsZ-mEos2 plotted against and binned by corresponding ring diameter. Bin edges are as follows: 0, 200, 300, 400, and 500 nm. Errors bars represent SEM. Z-ring intensity measurements in E and F are overlaid with best-fit (solid line) models generated from time-lapse parameters of corresponding strain (SI Appendix, Table S2 ). Results for wt BW25113 (gray) are replicated from Fig. 3  for comparison. (Scale bar, 1 μm. ) similar alterations to Z-ring density and dynamics during the cell cycle suggests that these Z-ring properties do not limit the rate of septum closure.
Septum Closure Rate Is Correlated with Cell Elongation Rate. Thus far, our characterizations revealed that altered Z-ring GTPase activity, density, and assembly/disassembly dynamics during the cell cycle do not cause systematic changes to the rate of septum closure. This lack of a unifying, FtsZ-centric theme prompted us to explore the roles of other divisome components. We first examined the role of cell wall PG synthesis activity, which takes place in two modes during the cell cycle: initially along the lateral cell body and then predominantly septum-localized during constriction (89, 90) . Septal cell wall synthesis is directed by the divisome, and lateral cell wall synthesis is directed by the 'elongasome' (91) . These two systems may compete with each other, because they share the same precursors (92, 93) and/or coordinate with each other during both cell wall elongation and constriction (94) (95) (96) (97) (98) .
To quantify PG synthesis activity during both lateral and septal cell wall synthesis, we measured cell elongation rates, calculated as cell length added per unit time, both before (v ep ) and during (v ec ) the constriction period. Under balanced growth, E. coli cell elongation is proportional to cell surface addition and limited by cell wall PG synthesis (99, 100) . Thus, the measured v ep and v ec values directly reflect cell wall synthesis activity. We measured single-cell elongation rates for the two wt strains described above (BW25113 and MC4100) and two additional conditions: wt DH5α grown in M9 at RT (τ = 181 ± 8 min, n = 40) and the same BW25113 strain growing faster in rich defined medium (EZ-RDM) at RT (τ = 94 ± 2 min, n = 80). Time-lapse analyses and live-cell PALM imaging of the two additional wt strains showed similar Z-ring assembly dynamics (SI Appendix, Table  S2 ), two-phase constriction (SI Appendix, Fig. S9 ), and continuous increase of Z-ring density throughout constriction (SI Appendix, Fig. S10 ). The slower growing DH5α strain exhibited lower rates for both cell elongation and septum closure compared with the BW25113 strain grown in EZ-RDM (SI Appendix, Table S3 ) but similar acceleration in septum closure rate (α = 1.4 ± 0.4 and 1.3 ± 0.3, respectively).
Comparison of average septum closure rates and cell elongation rates for all four wt conditions revealed that septum closure rates are highly correlated with both v ep and v ec (r = 0.98 and r = 0.99 and P = 0.02 and P = 0.01, respectively; Fig. 6 A and B) . Interestingly, we found that the ratio v c /v ec , which compares the total diameter of the septum closed during constriction with the cell length added during that time, is close to unity for the four wt strains and conditions (Fig. 6D) . This unity ratio can be explained by the growth of hemispherical poles in E. coli, in which the starting septum diameter is equivalent to the final combined length of the poles. Thus, our measurements indicate that, during constriction, cell elongation occurs predominately through septal cell wall growth, because substantial contributions from lateral growth along the cell body would result in v c /v ec < 1. This finding is consistent with early observations that PG incorporation activity is concentrated at the septum during the constriction period (89, 90) and highlights the method's precision in determining the elongation and septum closure rates. Collectively, these correlations suggest that the differences in septum closure rate observed in different wt strains under varying growth conditions can be attributed to differences in PG synthesis rates and that the cellular processes limiting cell wall synthesis may also limit the rate of septum closure.
Decreased Activity of PG Synthesis Enzyme FtsI Decreases Septum
Closure Rate. We showed above that the rate of septum closure is highly correlated with the rate of cell wall synthesis. To further investigate whether cell wall synthesis limits the progression of septum closure, we analyzed septum closure rates in a temperature-sensitive mutant strain, MCI23, in which the total cellular activity of the essential cell wall transpeptidase, FtsI (also known as PBP3), is reduced even at permissive temperatures, likely because of decreased thermostability of the protein (101) . FtsI localizes to the septum at the onset of constriction (102, 103) and exhibits stimulated transpeptidase activity in dividing cells compared with nondividing cells (104) . If FtsI's PG synthesis activity, rather than Z-ring contraction, were a primary driver of septum closure, we would expect the lowered FtsI activity in the MCI23 strain to result in a reduced rate of septum closure.
We grew MCI23 under the same condition as its wt parent strain MC4100 (RT, M9 medium) and found that at this permissive condition, MCI23 had a slightly faster cell doubling time (105 ± 3 min, n = 103 vs. 114 ± 3 min, n = 78 for wt MC4100, P = 0.03; SI Appendix, Table S2 ). However, the corresponding mean septum closure rate measured in MCI23 (v c = 12.5 ± 0.4 nm/min) was much slower than that of the wt MC4100 (v c = 19.3 ± 0.7 nm/min, P < 5 × 10
) because of a prolonged constriction period (τ c = 50 ± 2 min, n = 103 vs. 32 ± 2 min, n = 78 for wt MC4100, P = 8 × 10
−16
). This 
Interestingly, the cell elongation rates of MCI23 before (v ep = 23.0 ± 0.6 nm/min vs. 15.0 ± 0.4 for wt MC4100, P = 1.8 × 10 −26 ) and during (v ec = 35.7 ± 0.7 nm/min vs. 21.2 ± 0.9 for wt MC4100, P = 1.1 × 10 −20 ) constriction are significantly faster than those of the wt MC4100 strain. As a result, MCI23 cells are longer (3.17 ± 0.05 μm at birth, n = 103 vs. 1.97 ± 0.03 μm, n = 78 for wt MC4100, P = 7 × 10 −46
; SI Appendix, Table S3 ) and exhibit v c /v ec and v c /v ep ratios (septum closure rate normalized to cell elongation rate) that are substantially smaller than those of all other wt strains (Fig. 6 C and D and SI Appendix, Table S3 ). These results suggest that normal FtsI activity may inhibit lateral cell wall synthesis, which contributes most significantly to cell elongation, and that the competitive balance between lateral and septal cell wall synthesis (92, 93) , if present, is shifted in the MCI23 mutant.
To investigate whether the significantly reduced septum closure rate in MCI23 could be attributable to indirect effects on Z-ring structure or dynamics, we characterized Z-ring structures observed by PALM imaging of FtsZ-mEos2 in the mutant. Z-rings in MCI23 exhibited similar clustered morphologies (SI Appendix, Fig. S11A ), widths (SI Appendix, Table S1 , Fig. S11B , and Fig. S3D ), and condensation (SI Appendix, Fig. S11D ) to those in the wt MC4100 strain, although Z-ring density was generally 20-30% lower than that in MC4100 (SI Appendix, Fig.  S11D and Fig. S3F ). This reduction in Z-ring density may be caused by the significantly longer length of MCI23 cells, which creates a larger non-midcell surface area for FtsZ to sample compared with that in MC4100 cells. Nonetheless, our characterizations of the ΔminC and ΔmatP cells, which exhibited more substantial density reductions (Fig. 5D) , suggest that reduced Z-ring density is not responsible for the significantly reduced septum closure rate of MCI23.
Absence of MatP Modulates the Correlation Between Cell Wall Elongation
and Septum Closure Rate. Having observed a more dominant role for cell wall synthesis rather than Z-ring contraction in limiting septum closure rates, we examined whether differences in cell elongation rates could also explain the differences in septum closure rates that we observed in MCZ84, ΔminC, and ΔmatP cells. We found that the relative ratios v c /v el and v c /v ec of MCZ84 and ΔminC cells were similar to all wt conditions measured (<20% difference; Fig. 6 C and D and SI Appendix, Table S3 ), indicating that the septum closure rates of these strains can be well explained by their respective cell wall growth rates and reinforcing the negligible roles of FtsZ GTPase activity, condensation, and assembly/disassembly dynamics in regulating septum closure rates. More interestingly, we found that the relative ratios v c /v el and v c /v ec of ΔmatP cells were significantly larger than the wt conditions, with <v c /v ep > = 2.4 ± 0.2 (vs. 1.7 ± 0.1 for wt BW25113 in M9, P = 2.5 × e −4 ) and <v c /v ec > = 1.8 ± 0.2 (vs. 1.2 ± 0.1 for wt BW25113 in M9, P < 5 × e −5 ), respectively ( Fig. 6 C and D and SI Appendix, Table S3 ). Thus, septum closure rates in ΔmatP cells are faster than that expected given their cell elongation rates, supporting a model in which a MatP-related process can modulate the coupling between cell wall PG synthesis and the progress of septum closure (18) .
Independent Septum Closure Rate Measurements Support Fluorescence
Measurements. Our integrated measurement of septum closure rate is based on superresolution imaging, which provides the most accurate measurement of septum diameter, and fluorescence time-lapse imaging, which enables reliable measurement of the constriction period, τ c , by the final departure of FtsZ-GFP fluorescence from midcell. To determine whether the use of FtsZ fluorescent fusion proteins influences these measurements, we performed analogous experiments on the background strains devoid of fluorescent fusions.
We measured the diameter at constriction initiation by either immuno-superresolution imaging (105) on cells labeled with Alexa647-conjugated wheat germ agglutinin (WGA) (106, 107) or by segmenting phase-contrast cell images using the MicrobeTracker software (108) (SI Appendix, Fig. S8 A-C) . These two diameter measurements correlate with each other and are both consistently larger than the corresponding septum diameter measured using FtsZ-mEos2, which is consistent with WGA binding to the cell periphery (106) , whereas FtsZ-mEos2 resides inside of the inner membrane. To measure the constriction period τ c , we performed time-lapse phase-contrast imaging of cells growing on a microscope stage and used the MicrobeTracker software and custom fitting routines to determine when the constriction period ends (SI Appendix, Fig. S8D and Table S4 ). The latter analysis proved difficult and highly variable as diffraction-limited bright field imaging caused diameter reductions below ∼500 nm to be indiscernible (SI Appendix, Fig. S8D ). Consequently, we were not able to determine when the constriction period ends with confidence but rather used a characteristic time between the frame when the diameter was first reduced by 10% of the discernible range to the frame when it had been reduced by 90% of the range (i.e., from ∼900 to ∼600 nm) as a proxy. Note that the use of this pseudo-constriction period appeared to reduce the differences between all mutant and wt strains (SI Appendix, Fig. S8D ) compared with the original measurements (Fig. 6D ). This reduced effect is likely attributable to larger measurement uncertainties in diffraction-limited imaging, because the same analysis applied to FtsZ-GFP-expressing BW25113 strains (wt, ΔmatP, and ΔminC) resulted in similar observations. Nevertheless, the ftsI23 mutation still showed a significantly larger effect on the cell elongation rate-adjusted septum closure rate (v c /v ec ) than any other FtsZ-related mutations ( Fig. 6D and SI Appendix, Fig. S8E ). These results thus support our major conclusion that septum closure is likely driven by septum synthesis rather than Z-ring contraction.
Discussion
In this work, we illustrated the 3D structural organization and remodeling of the Z-ring during constriction with unprecedented resolution. We demonstrated that the E. coli Z-ring is composed of discontinuous FtsZ clusters loosely confined to a toroidal zone of ∼100-nm width and ∼60-nm thickness. Because the mean Z-ring thickness is significantly larger than that of a single layer of FtsZ protofilaments, the Z-ring can most likely accommodate multiple layers of FtsZ protofilaments along the radial direction, consistent with previous predictions (48, 59) . Although our resolution could not resolve the number or orientations of individual FtsZ protofilaments within FtsZ clusters, the small cluster size observed (<100 nm in all directions; Fig. 1C and SI Appendix, Fig.  S4 ) supports heterogeneity in FtsZ protofilament orientation (67) , because the membrane curvature preference of short ∼50-nm protofilaments was estimated to be only ∼0.1 k B T (109).
We note that, in vitro, membrane-attached FtsZ can form long, continuous protofilaments (33, 35) and that a recent ECT study observed long, single-layered protofilaments at cell division sites (35) . These studies support a smooth, continuous Z-ring organization. However, Z-ring discontinuity has been observed in many bacterial species (19, 37, 48, (51) (52) (53) (54) , and incomplete Z-rings have been shown to lead to cell wall indentation (110) , suggesting that ring completion is not required for Z-ring function. We suggest that the continuous and discontinuous organizations reflect different dynamic states of the Z-ring modulated by FtsZ's GTPase activity, which is known to promote the fracture of long FtsZ polymers (111) and to modulate FtsZ turnover dynamics (82) . Active GTP hydrolysis may thus serve to constantly remodel the Z-ring, generating a discontinuous, clustered organization that can reorganize promptly in response to cellular cues. This GTPase-dependent remodeling may explain why long FtsZ protofilaments were more apparent with an overexpressed FtsZ variant with low GTPase activity (D212A) (35) .
What is the role of the Z-ring during cytokinesis? As a large body of work has already demonstrated, the Z-ring is an essential scaffold that recruits all other division proteins to initiate cell wall constriction (2) . FtsZ has also been implicated in preseptal cell wall synthesis that occurs before the onset of constriction (97, 112) . The force-generating function and mechanisms of the Z-ring, however, have been highly debated (113) . We reasoned that if the Z-ring actively generates a force to invaginate the inner membrane, which is then followed by septal cell wall growth, then perturbing various Z-ring properties and observing the consequences on septum closure rates would allow us to characterize its force generation mechanism. However, these perturbations, summarized below, consistently supported a model in which the Z-ring does not play a rate-limiting role in septum closure.
First, we found that septum closure is not limited by FtsZ's GTPase activity, because the ftsz84 mutant showed essentially the same septum closure rate as its wt parent strain. Second, we found that septum closure is not coupled to Z-ring disassembly because cell wall constriction initiated significantly earlier than Z-ring disassembly under all conditions (SI Appendix, Table S2 ) and because the diameter at which individual Z-rings started to disassemble varied widely (from 600 to 250 nm) among different conditions (Figs. 4 E and F and 5 E and F and SI Appendix, Fig.  S10B ). Third, we found that septum closure is not driven by Z-ring density (FtsZ concentration in the ring) because reduced density in the ΔminC, ΔmatP, and MCI23 strains led to both increases and decreases in septum closure rate, and increased density in the ftsz84 mutant strain did not alter septum closure rate. The Z-ring indeed condenses during the constriction period as previously proposed (35, 38, 42, 43) ; however, this condensation may be a natural consequence of Z-ring remodeling in response to the gradually reducing septum diameter. Fourth, we found that septum closure cannot be coupled to FtsZ's assembly dynamics during the cell cycle, because three mutations (ftsz84, ΔminC, and ΔmatP) resulted in delayed Z-ring stabilization at midcell but did not lead to systematic changes in the septum closure rate. Collectively, these results indicate that the Z-ring does not limit the rate of septum closure under the range of conditions tested here.
Although Z-ring perturbations showed no clear influence on septum closure rate, we did observe a strong correlation between septum closure rate and cell elongation rate in wt, ftsZ84, and ΔminC cells (Fig. 6 A and B and SI Appendix, Table S3 ). These observations suggest that cell wall synthesis activity, rather than Z-ring contraction, plays a limiting role in the progress of septum closure. Supporting this limiting role, we observed a significantly slowed septum closure rate in the presence of diminished septal transpeptidase activity by FtsI (MCI23 strain). We note that early studies have reported prolonged constriction periods caused by mutations in FtsI or FtsQ (114) (115) (116) or by overexpression of FtsN (116) , although the corresponding cell wall synthesis activity was not assessed; these proteins are all essential components of the divisome involved in septal cell wall synthesis (117) . Interestingly, recent work has shown that cytokinesis in fission yeast is primarily driven by cell wall synthesis rather than contraction of the force-generating actomyosin ring (118), suggesting that some similarities may exist in the mechanisms adapted by different kingdoms of life to coordinate cytokinesis in walled cells.
Our study also sheds light on another important factor that can influence the rate of septum closure: coordination between septum closure and chromosome segregation. We found that the absence of MatP modulated the correlation between septum closure and cell elongation during cytokinesis, as measured by the ratio of septum closure to cell elongation rate (Fig. 6 C and   D) . MatP promotes condensation of the ter region of the chromosome by binding to ter-localized matS sites (17) and connects the divisome to the chromosome via the FtsZ-ZapA-ZapB-MatP network (18) . In the absence of MatP, mobility of the ter region increases and sister ter foci prematurely separate (16, 17, 21) . With fast growth, deletion of matP causes additional defects in chromosome segregation and Z-ring morphology that are not apparent under slow growth (τ > 60 min) (17, 19) . Given that the experiments presented here were carried out in slow-growth conditions, the increase in septum closure rate we observed in the matP deletion strain is most likely caused by the broken FtsZ-ZapA-ZapB-MatP linkage and/or the early displacement of ter DNA from the division plane rather than chromosome segregation defects or changes in Z-ring structures. An intact FtsZZapA-ZapB-MatP linkage and midcell colocalized ter DNA may normally function as braking/sensing mechanisms that physically or biochemically impede inward septum growth to avoid premature septum closure over unsegregated chromosomes.
An additional interesting observation is that in the two mutant strains, MCI23 and ΔmatP, the correlation between lateral cell elongation rate and septum closure rate observed in wt strains is not only broken but also appears to be anticorrelated. MCI23 cells have slower septum closure rates but much faster cell elongation rates compared with wt MC4100 cells, whereas ΔmatP cells exhibit the opposite changes relative to wt BW25113 cells (SI Appendix, Table S3 ). These anticorrelated effects support a model in which lateral and septal cell wall synthesis may compete for a constant pool of enzymes or PG precursors, the level of which is determined by the growth condition (92, 93) . The positive correlation between septum closure and elongation rates that we observed for wt cells (Fig. 6 A and B) could thus be explained by the effect of precursor or enzyme levels on total cell wall synthesis rates, which is partitioned between lateral and septal growth. When the competitive balance between these two processes is unperturbed, their rates both scale with total cell wall synthesis rates (Fig. 6E, Left) , but when the balance is altered, as in the ΔmatP or MCI23 strains, the processes exhibit opposing changes in rate (Fig. 6E , Upper or Lower). The exact mechanisms by which septal and lateral cell wall synthesis rates are coregulated remain unknown, but these observations clearly indicate that the rate of septum closure is highly influenced by cell wall synthesis.
Our results do not exclude the existence of a FtsZ-generated constrictive force but rather indicate that such a force is not ratelimiting for septum closure. A non-rate-limiting FtsZ-generated force may serve primarily to direct the spatial and temporal activity of other divisome constituents rather than to pull the cytoplasmic membrane actively to drive envelope constriction. A recent computational modeling study showed that a substantial force (>400 pN) would be needed to constrict a static E. coli cell wall but that the existence of cell wall turnover and remodeling can reduce the required constrictive force to as little as ∼8 pN, which can be provided by the Z-ring (119) . This small Z-ring contribution relative to that of cell wall remodeling is consistent with the estimated 20-90 pN of force generated by FtsZ filaments reconstituted on liposomes (45, 120) and our finding that cell wall synthesis has a larger influence on the rate of septum closure than does Z-ring contraction. However, this modeling study predicts that the rate of septum closure should be proportional to the amount of constrictive force generated by the Z-ring (119) . This prediction can only be consistent with our findings if the mechanism of Z-ring force generation is not driven by any of the properties perturbed here (GTPase activity, density, assembly/disassembly dynamics) or if the source of the constrictive force is not the Z-ring.
To summarize, our findings support a model in which the roles of cell wall synthesis and chromosome segregation dominate that of the Z-ring in defining the rate of septum closure during constriction in E. coli. These results challenge a FtsZ-centric view of cytokinesis in bacteria and suggest that FtsZ should be viewed as a key structural scaffold, regulator, or mediator rather than as a major force generator.
Materials and Methods
All strains and plasmids used in this study, their construction, growth conditions, and expression characterizations are described in SI Appendix, Supplemental Experimental Procedures. Imaging and analysis conditions used for all superresolution and time-lapse microscopy experiments are also described in SI Appendix, Supplemental Experimental Procedures. All reported errors are SEMs unless otherwise noted. All reported correlation values are Pearson's r. Two-tailed P values for comparison of structural dimensions and time-lapse period durations were calculated using Student's t. Two-tailed P values for comparison of septum closure rates (v c ) and rate ratios (<v c /v ep > and <v c /v ec >) were calculated using randomization tests with 20,000 iterations.
